The goal of this study was to determine the scattering mechanisms and investigate the optoelectronic properties of indium molybdenum oxide (IMO) films. IMO films were deposited from an In 2 O 3 /MoO 3 target with a weight ratio of 99/1, 95/5 and 90/10 via high-density plasma evaporation at room temperature. Based on the structural, electrical and optical properties, this study proposed that the neutral complex [(2Mo ) and average visible transmittance of ∼85% were produced at an optimum oxygen content of ∼9%. Average optical transmittance exceeding 80% was demonstrated, and a structural change appeared at low oxygen contents.
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I. INTRODUCTION
Transparent conductive oxide (TCO) films have been extensively studied because of their numerous potential applications, such as flat panel display, solar cell, low emissive and electro-chromic windows, and thin-film photovoltaics. [1] [2] [3] The most widely used TCO in optoelectronic device applications is tin-doped indium oxide (ITO), which offers a commercially acceptable performance in terms of conductivity, transmittance, environmental stability, reproducibility, and surface morphology.
Most high-quality ITO films were either deposited at a relatively high substrate temperature of 300-400°C via direct current (dc) magnetron sputtering or fabricated at room temperature and then annealed at 200°C. Recently, due to the development of polymer substrate, lowtemperature deposition has become increasingly important. However, films deposited at low temperature by using dc and radio frequency (rf) sputtering, electron beam evaporation, or pulsed laser deposition were frequently amorphous and had poor electrical properties. [4] [5] [6] [7] [8] Attempts have been made to produce ZnO-In 2 O 3 thin films at low temperature to improve both the electrical and optical properties due to its high mobility. 9 The TCO films with high mobility are well known as a convenient model for increasing conductivity and reducing freecarrier absorption. 2 Indium molybdenum oxide (IMO) films with good opto-electronic properties have been previously reported to exhibit high mobility. 10, 11 However, these IMO films were fabricated at high substrate temperature of 350°C via thermal evaporation, 10, 11 rf sputtered processes at 420°C 12 or 500°C, 13 and pulsed laser deposition at 500°C.
14 This work proposed a low-temperature (room temperature; RT) fabrication of IMO films using In 2 O 3 / MoO 3 targets with different MoO 3 -doping contents based on the high-density plasma evaporation (HDPE) technique. The electrical and optical properties of the IMO films as a function of oxygen content were also investigated. Moreover, the scattering mechanisms and the structural properties of the IMO film were also examined to determine their correlation with the optoelectronic properties. This work is interesting for three reasons. First, IMO is a new and promising TCO with high mobility, but is still little studied. Second, exploring low-temperature deposition has become a requirement for plastic substrates. Third, using Mo as a dopant in In 2 O 3 can further modify the defect mechanisms of In 2 O 3 -based TCOs.
II. EXPERIMENTAL DETAILS

A. IMO film preparation
Indium oxide (In 2 O 3, 99.99% in purity, Gredmann) was mixed with molybdenum oxide (MoO 3 , 99.95% in purity, Cerac), cold isostatically pressed, and then pressurelessly sintered to produce the cylindrical targets (diameter 30 × 40 mm). One, five, and ten wt% MoO 3 were mixed with In 2 O 3 and recognized as 99/1, 95/5, and 90/10, respectively, in terms of the target compositions. Sintering was performed in air atmosphere at a heating rate of 10°C min −1 before holding at 800°C for 1 h and finally furnace cooling. The sintered density of the target was approximately 60% of the theoretical density.
The HDPE system comprised an arc plasma source with a pressure gradient type at a cathode, a plasma beam controller around the anode (a hearth), and a substrate holder. 15, 16 The deposition chamber contains a set of arc plasma generators. Thermally emitted electrons from the cathode surface in a set of plasma generators were magnetically guided to focus on the sintered IMO cylindrical target (anode) in the crucible. An arc discharge was maintained between the cathode and anode by introducing argon into the plasma generator, and the discharge current was maintained at 250 A. The ionization ratio of the arc plasma in HDPE (∼10 13 ions cm −3 ) 17 was significantly higher than that of the conventional dc or rf glow discharges (∼10 10 ions cm −3 ).
18
The plasma was generated using high purity Ar (99.999%) and O 2 (99.995%) gases which were adjusted via the mass flow controllers. All thin films were deposited on unintentionally heated substrates and the sourcesubstrate separation was 500 mm. A base pressure of 5.0-6.0 × 10 −4 Pa was established using a turbo pump before each deposition. A mixture of Ar and varied oxygen contents of 1.0-28.6% [flow ratio of O 2 /(Ar+O 2 )] was filled into the plasma during evaporation. The pressures were measured using a Baratron gauge (MKS 670B, Pressure transducer MKS 626, MA) under various pressures of 2.92-3.58 × 10 −1 Pa to ensure process stability. The oxygen partial pressure [P(O 2 )] before deposition was measured using the ion gauge (GI-1000, Ulvac, Japan). Corning 7059 glass substrates (0.7 mm in thickness) were cleaned for 20 min in an ultrasonic bath with organic solvents, then rinsed with de-ionized water and thoroughly blown dry in nitrogen before placement in the HDPE chamber.
B. Film characterization
IMO films were used for measuring the electronic, optical, and structural properties. The sheet resistance of IMO films was measured using the four-point probe method (RT-70/RG-7B, Napson Co., Japan). The carrier concentration and film mobility were obtained via Hall effect measurements using the Van der Pauw technique (Bio-Rad HL 5500PC) at room temperature. Moreover, the optical properties of IMO films (including glass substrate) were examined with a spectrophotometer (U4100, Hitachi, Japan) over the wavelength 250-2400 nm. The film thickness was determined by measuring the depth erased (marked by water-soluble pens) using stylus profilometry (Surfcorder ET-4000, Kosaka Laboratory, Japan). The accuracy of the thickness measurement could be kept within 3% by using minimum measuring force of 0.5 N in stylus profilometry. The Al K ␣ line at 1486.6 eV was selected as the x-ray source (VG Scientific 210, West Sussex, UK) for the x-ray photospectroscopy (XPS) measurements. The positions of all XPS peaks were calibrated by using C 1s with binding energy of E b ‫ס‬ 284.6 eV. The approximate analysis depth was approximately 5 nm. All XPS measurements were performed directly on as-received samples to avoid reducing metal oxides (such as MoO 3 ). The crystallinity of the IMO films was characterized via x-ray diffractometry (Rigaku D/MAX2500, Tokyo, Japan) at a diffraction angle of 3°.
III. RESULTS AND DISCUSSION
A. Deposition rate of IMO films
The electrical and optical data of TCO films essentially relied on the film thickness variations. Figure 1 shows the thickness (∼140 nm) and the respective deposition rate of the as-deposited 99/1, 95/5, and 90/10 IMO films as a function of the plasma oxygen content [C(O 2 )]. The profiles of film thickness and deposition rate did not exhibit either an increasing or decreasing tendency with either the oxygen or doping contents. plasma, resulting in small thickness differences (below 15 nm). Introducing more oxygen into the plasma with the same evaporating conditions, the films still demonstrated small differences in thickness (below 14 nm). These thickness variations were probably because of the variation in stacking coefficients of the impinging atoms given different mixing ratios in Ar + O 2 . From the results with small differences (Fig. 1) , film thickness should not influence the resistivity and optical data given various MoO 3 -doping levels and oxygen contents. Figure 2 illustrates the dependence of the carrier concentration on the MoO 3 -doping content in IMO films fabricated with various oxygen contents. The decrease in carrier concentration with the MoO 3 -doping content did not correlate to the apparent solubility limit of MoO 3 in In 2 O 3 as Sn-doped In 2 O 3 , 19 suggesting that the soluble Mo atom probably contributed few electrons in the reduced and oxidized state. Figure 3 shows the carrier concentration of differently doped samples as a function of oxygen partial pressure. Two to four samples of each doping concentration are used in each P(O 2 ). Two data points at higher P(O 2 ) are also used for the doping concentration to determine the slopes. 19 At low P(O 2 ), the carrier concentration corresponded to the ionized portion of the total Mo and the vacancy concentration in the un-doped In 2 O 3 . 19 At high P(O 2 ) > 9.1%, the carrier concentration then decreased with increasing oxygen pressure and approximately followed a power law of P(O 2 ) −2.73 , P(O 2 ) −4.95 , and P(O 2 ) −6.47 with increasing doping level. The occupation of oxygen vacancies from the complex led to decreasing carrier concentration and displayed a negative slope. Consequently, the reduction of oxygen vacancies limits carrier concentration at high C(O 2 ) or at high doping level. Figure 4 displays the Hall mobility () as a function of carrier concentration (N). Each curve represents the parameters for different MoO 3 -doping contents at fixed C(O 2 ). In the reduced conditions [C(O 2 ) of below 9.1%], the correlation between mobility and carrier concentration was described as a negative slope, typical for ionized impurity scattering. 19, 20 In the oxidized states [C(O 2 ) exceeding 9.1%], increased with N and showed a positive slope for the -N relationship, which was described as neutral complex scattering. 19, 20 Both the ionized and neutral complex scattering mechanisms were also consistent with the power law of reduced and oxidized states (Fig. 3) . Summarizing the preceding discussion on Figs. 2-4, the Kröger-Vink (K-V) notation 21 for IMO films could be deduced, and several carrier-generation mechanisms are proposed as follows
B. Scattering mechanisms in IMO films
In the K-V notation, capitals represent the defect or ionic species and superscript denotes the effective charges. A neutral defect is represented by ( x ), a negative defect by (Ј) and a positive defect by ( According to the above four equations, the electron population condition can be represented as follows
The (Fig. 2) exceeded the 4.0 × 10 20 cm −3 for undoped In 2 O 3 films fabricated at room temperature using a similar HDPE process. 22 This phenomenon suggested that the first two terms in Eq. (5) should dominate oxygen vacancies (never greater than 1% in undoped In 2 O 3 23 ) at low doping level. The ionized scatterings as shown in Fig. 4 further strengthened the proposed defects.
Equation (5) also demonstrated that the electron population should increase with Mo-doping level. This made it impossible to account for the decreasing carrier concentration with increasing Mo-content (Fig. 2) . The decreasing carriers in Fig. 3 and the neutral cluster scatterings in Fig. 4 Figure 5 shows the x-ray diffraction (XRD) results of the 99/1 and 95/5 IMO films fabricated at different oxygen contents. The 90/10 films were not included in the structural analysis due to their relatively high resistivity. An amorphous structure of 99/1 and 95/5 IMO films prepared at 1.0% of C(O 2 ) was indicated by the XRD profiles of 3 and 1, respectively. As C(O 2 ) was increased to 9.1%, the 95/5 IMO films continued to show an amorphous structure (profiles 2). However, the 99/1 IMO film became a polycrystalline structure without any preferred orientation (profile 4). Essentially, the films only displayed a In 2 O 3 bixbyite crystalline structure [namely, (222), (440) and (622) Based on these shifts, the lattice constant of 1.0230 nm measured using Cohen's method 24 exceeded the bulk In 2 O 3 (1.0118 nm). The observation of crystallite in 99/1 and amorphous phase in 95/5 suggested that the crystalline phase disappeared with increasing doping content because of the lattice distortion. Ting et al. 25 reported that higher Al content could replace Zn or entered into the interstitial site of ZnO:Al thin film, subsequently causing lattice distortion and reducing the crystallinity.
The compressive strain calculated by using the integral breadth method 26 was examined to clarify the repulsive force in the 99/1 IMO film (profile 4 in Fig. 5 ). The calculated strain value of 0.18% probably resulted from the charge repulsion between the donor cations [(Mo In
. This study excluded the effects of the substrate temperature. Ongoing study is required to investigate the mechanism of room temperature crystallization. 
Results of XPS analysis
The results of typical XPS analysis (Fig. 6) Consequently, the 95/5 film had more deficiencies than 99/1.
Based on previous XPS studies on ITO films, the O 529 peak could be identified as lattice oxygen in the crystalline ITO, 30, 31 and the O 531 peak was assigned to oxygen atoms in an amorphous phase. 27, 32 In this investigation, the peak area ratio of O 529 /O 531 decreased from 0.67 to 0.45 with the increased doping content in IMO films [ Fig. 6(c) ]. This phenomenon indicated that the ratio of the crystalline to amorphous phase decreased with increasing doping content.
Summarizing the preceding discussion on the structural deficiency and peak area ratio, this study concluded that the 99/1 film had fewer structural defects than the 95/5 IMO film. Supposedly, the crystallization annihilated the defects through structural rearrangement in 99/1 IMO films. Љ] x in the oxidized state. When C(O 2 ) exceeded 9.1%, the lower carrier concentration in 95/5 films was attributed to the occupation of oxygen vacancies by neutral complex [ Fig. 7(b) ]. More complex could probably enhance the scattering effects and thus lower the mobility and carrier concentration.
With C(O 2 ) being below 9.1% in 99/1 IMO films, mobility reduced significantly because of ionized impurity scattering of
• ] complex and the oxygen vacancies in In 2 O 3 . Ionized impurity scattering was considerably more significant than neutral impurity scattering at low doping level. 19 This phenomena could result in higher resistivity of 99/1 film prepared at 0.9% of C(O 2 ).
The mobility of IMO films in this study is lower than those previously reported for the thermal evaporated (over 100 cm IMO films. Electrical neutral vapor without ionized reaction for the thermal evaporation can not be comparable to the high ionized reactions via HDPE 17 or rf sputtering. 18 The thermal evaporated MoO 3 could lead to the dominance of the Mo +6 oxidation state, whereas the Mo +4 bonding state appeared in the high ionized reaction. 12 Mo +6 rather than Mo +4 could enhance the mobility because the high probability that Mo +6 was associated with interstitial O 2− could lower the ionized impurity scattering 10 and thus increase the mobility. Therefore, a few Mo +4 was suggested to impede the mobility in this work.
Despite the lower mobility, the resistivity is comparable to previous reports (Table I) . Unlike other investigations, the process in this study was conducted at room temperature with no further heat treatment. This minimum resistivity can further broaden the potential applications of plastic substrates.
E. Optical properties of IMO films
The transmittance of 99/1 and 95/5 IMO films as a function of C(O 2 ) was examined over the wavelength range 250-800 nm [ultraviolet-visible (UV-vis)] and illustrated in Fig. 8 . Increasing the oxygen content could increase the overall transmittance of the IMO films. Table I revealed an apparent enhancement in the transmittance at 550 nm compared with the results of other studies. Figure 9 shows the average transmittance of both IMO films over 450-800 nm given various C(O 2 ). A maximum value of 86.3% was obtained for the 99/1 IMO film prepared at 28.6% of C(O 2 ). Additionally, the average transmittance of 99/1 films was lower than that of 95/5 films when C(O 2 ) was below 4.8%. The transmittance is inversely dependent on free carrier absorption and thus upon the conductivity. 33 Since the 99/1 IMO films [as C(O 2 ) < 4.8%] had higher carrier concentration [ Fig. 7(b) ] and lower conductivity [ Fig. 7(a) ], they also exhibited lower average transmittance.
As C(O 2 ) exceeded 9.1%, the average transmittance of the 99/1 films was higher than for the 95/5 IMO films. Since the 99/1 films had fewer defects than the 95/5 films (as discussed in Sec. III. C. 2), the 99/1 could exhibit higher average transmittance due to the annihilation of structural deficiency. The structural deficiency contributed to the blackening of the ITO films. 34, 35 The shift of short wavelength cutoff is directly related to the variation of band gap in most TCO films. 36 The optical band gap (E g ) could be estimated from the absorption coefficient ␣, and photon energy h, using the equation
). E g could be obtained by extrapolating the linear region of the curve to ␣ ‫ס‬ 0. The calculated optical band gap of the 99/1 and 95/5 IMO films are between 3.77 and 3.85 eV, as illustrated in Fig. 10 . The widening of the band gap for the 99/1 and 95/5 IMO films could be explained by the BursteinMoss shift. 37 An increasing number of free carriers occupied the conduction band and caused an increase in the optical band gap. Above 9.1% of C(O 2 ), the higher carrier concentration of 99/1 IMO films [ Fig. 7(b) ] compared to 95/5 films therefore ended with a higher band gap.
However, when C(O 2 ) is less than 9.1%, the 95/5 films with lower carrier concentration exhibited significantly higher band gap than the 99/1 films. This relationship suggested that a basic structural change with significant band tailing occurred at the low oxygen content. 38 The band tailing also corresponded to an abrupt rollover in the transmittance at approximately 360 nm and was absorbed strongly between approximately 360 and about 650 nm, as illustrated in Fig. 8 . Yoshida et al. previously reported a similar result. 12 This study suggested that a decrease in the transmittance and extra states in the band gap could result from secondary phase formation in the IMO film. 12 This secondary phase was probably related to the significant band tailing.
IV. CONCLUSIONS
From the structural, electrical and optical properties of the IMO films, this work proposed that the neutral complex [(2Mo • ] dominated at low doping level or oxygen content. Uniform 99/1 IMO films with minimum resistivity of 3.56 × 10 −4 ⍀ cm and average visible transmittance of ∼85% were produced at an optimum oxygen content of ∼9%. The improvement of the resistivity was primarily attributed to the increased mobility. The IMO films fabricated at C(O 2 ) exceeding 4.8% exhibited average optical transmittance greater than 80% over the visible wavelength. A basic structural change appeared at low oxygen content, which was not correlated to the Burstein-Moss effect.
